Here we demonstrate the experimental realization of a fiber-integrated optical circulator whose operation direction is controlled by the quantum state of a single atom. The device is based on a bottle whispering-gallerymode microresonator interfaced by two optical nanofibers. Depending on its internal state, the single atom couples differently to the chiral resonator fields. This results in a direction dependent transmission through the resonator and thus realizes an optical circulator. The demonstrated quantum optical circulator opens new ways for routing and processing quantum information in optical circuits.
INTRODUCTION
Employing integrated optical circuits for information processing promises to outperform their electronic counterparts in terms of bandwidth and energy consumption. However, such circuits require components that control the flow of light. In our group, we use micro-and nanophotonic components, such as optical nanofibers, to confine light at the wavelength scale and to control its flow in integrated optical environments. The strong confinement of the light leads to an inherent link between its local polarization and propagation direction, i.e., the light obtains a chiral character. This fundamentally alters the physics of light-matter interaction and gives rise to phenomena such as directional spontaneous emission [1] and light-matter coupling strengths that depends strongly on the propagation direction of the light [2] .
NON-RECIPROCAL LIGHT-MATTER COUPLING
In our experiment, we employ this chiral light-matter interaction [3] to realize low-loss non-reciprocal transmission of light through a silica nanofiber at the single-photon level [4] . For this purpose, we couple a single spin-polarized rubidium ( 85 Rb) atom strongly to an optical nanofiber via a whispering-gallery-mode (WGM) resonator. Due to the chiral, i.e. direction dependent, polarization of the resonator mode, the coupling strength between the atom and the resonator differs strongly for the two propagation directions of the light field. As a consequence, we obtain a direction-dependent transmission which realizes an optical isolator, where the spin-state of the atom controls its operation direction. In our experiment, we observe a strong imbalance between the transmissions in forward and backward direction of about 12 dB and, at the same time, the forward transmissions still exceed 70%.
Figure 1: (a) Quantum optical circulator implemented as a bottle WGM resonator interfaced by two optical nanofibers and coupled to a single 85 Rb atom; (b) Transmission matrices of our atom-resonator system, where the values indicate the total transmission from port i to port j (i,j=1…4) in (a). The experimental results demonstrate that the spin-state of the atom controls the operation direction (
of the circulator.
In a second experiment, we interface the WGM resonator with two optical nanofibers. In this way, we extend this system to a 4-port device, see Fig. 1(a) , where the single atom now routes photons non-reciprocally from one fiber port to the next, thus realizing the operation principle of an optical circulator [5] . We show that one can control the operation direction of the circulator by the internal (spin-) state of the atom, see Fig. 1(b) . In addition, we also investigate the nonlinear properties of our device by analysing the second order correlation functions of the transmitted light. Depending on the output port, we observe strong photon anti-bunching or bunching which illustrates the capability of our device for photon-number dependent routing.
CONCLUSIONS
In summary, we demonstrated the experimental realization of a new class of non-reciprocal devices that are controlled by a single atom. The demonstrated quantum state control of the operation direction renders our circulator compatible with preparing it in a coherent superposition of its operational states and thus, realizes a novel, non-reciprocal quantum device. Consequently, our quantum optical circulator may become a key element for routing and processing quantum information in scalable integrated optical circuits. Furthermore, our system provides a strong nonlinearity at the single-photon level which is a crucial ingredient for photonic quantum simulation applications, such as the implementation of artificial gauge fields.
